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ABSTRACT
We present a 2.5D MHD simulation of a magnetic flux rope (FR) propagating in the he-
liosphere and investigate the cause of the observed sharp plasma β transition. Specifically, we
consider a strong internal magnetic field and an explosive fast start, such that the plasma β is
significantly lower in the FR than the sheath region that is formed ahead. This leads to an un-
usual FR morphology in the first stage of propagation, while the more traditional view (e.g. from
space weather simulations like Enlil) of a ‘pancake’ shaped FR is observed as it approaches 1AU.
We investigate how an equipartition line, defined by a magnetic Weber number, surrounding a
core region of a propagating FR can demarcate a boundary layer where there is a sharp transition
in the plasma β. The substructure affects the distribution of toroidal flux, with the majority of
the flux remaining in a small core region which maintains a quasi-cylindrical structure. Quanti-
tatively, we investigate a locus of points where the kinetic energy density of the relative inflow
field is equal to the energy density of the transverse magnetic field (i.e. effective tension force).
The simulation provides compelling evidence that at all heliocentric distances the distribution of
toroidal magnetic flux away from the FR axis is not linear; with 80% of the toroidal flux occurring
within 40% of the distance from the FR axis. Thus our simulation displays evidence that the
competing ideas of a pancaking structure observed remotely can coexist with a quasi-cylindrical
magnetic structure seen in situ.
Subject headings: Sun: coronal mass ejections (CMEs), Sun: heliosphere, Sun: solar-terrestrial relations
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1. Introduction1
Coronal mass ejections (CMEs) are large2
scale transient eruptions from the Sun that3
travel into the heliosphere. The impact of4
these transients onto Earth are the dominant5
source of the most severe space weather incidents6
(Tsurutani & Gonzalez 1997). The velocity and7
magnetic field vectors within a CME are often8
considered the primary properties of interest for9
estimating their space weather effects. CMEs also10
play a significant role in removing magnetic he-11
licity which is generated as the Sun evolves (e.g.12
De´moulin et al. 2002). It has also been shown13
to provide a significant contribution in modulat-14
ing the open solar flux over a solar cycle (e.g.15
Owens et al. 2008). This open solar flux has been16
correlated to the long term variations of the he-17
liospheric magnetic field (e.g. Barnard et al. 2011;18
Lockwood & Owens 2011). Therefore understand-19
ing the distribution and amount of toroidal flux20
contained within CMEs are important for esti-21
mating the severity of a space weather incident22
as well as for long term solar influence on Earth’s23
climate.24
The morphology of a CME containing a mag-25
netic flux rope (FR) during its propagation to-26
wards Earth is often described as ‘pancaking’27
(Riley & Crooker 2004). Historically, this is sup-28
ported by remote observations from coronagraphs29
which display CMEs propagating radially away30
from the Sun, and more recently with helio-31
spheric imagers on board STEREO (Howard et al.32
2008). Also, these cameras often display a flux33
rope structure as a black void within the im-34
ages such that the observed white light marks35
the outer boundary, such as sheath regions (e.g.36
Howard & DeForest 2012; DeForest et al. 2013).37
Synthetic white light images from simulations with38
a magnetic flux rope have also been shown to pro-39
duce a dark cavity (Lugaz et al. 2005). These40
observations are also further supported by simula-41
tions that are often used in space weather forecast-42
ing (e.g. Enlil model). The Enlil model describes43
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a CME as a high density packet without a co-44
herent magnetic field structure (Odstrcil & Pizzo45
1999). Both the STEREO observations and the46
Enlil model display a CME uniformly stretching47
perpendicular to the radial flow, while contra-48
dictory evidence is often presented with in situ49
measurements. Flux rope models that satisfy50
the Lundquist solution (e.g. Lepping et al. 1990;51
Savani et al. 2013) are often successfully shown52
to reproduce similar results to the magnetic vec-53
tors from in situ measurements within CMEs. The54
morphological structure of this Lundquist-solution55
flux rope model is cylindrical with a circular cross56
section (i.e. not stretched into a ‘pancaking’ struc-57
ture). In this paper we present evidence, through58
the use of simulations, that a CME can display59
both the ‘pancaking’ properties seen remotely and60
circular cross section measured in situ.61
Flux ropes are often characterised by magnetic62
fields that are stronger than the ambient solar63
wind and are topologically defined to have a co-64
herent rotation of their magnetic field lines around65
a central axis. These flux rope CMEs have often66
been observed to possess a relatively low pro-67
ton temperature when detected in situ, and were68
labelled magnetic clouds (M.C., Burlaga et al.69
1981). The fraction of CMEs that contain a70
FR structure is under debate, with statistical ar-71
guments suggesting that there is a solar cycle72
dependence as well there being a variation be-73
tween 30% (Richardson & Cane 2010) and > 70%74
(Marubashi 2000). Recently, further evidence sug-75
gests that all CMEs may in fact be associated with76
a magnetic flux rope topology by hypothesising77
certain events without these signatures are due78
to the spacecraft trajectory or a misidentification79
(Vourlidas et al. 2012).80
A successfully simple technique to model the81
magnetic field structure of flux ropes from solar82
wind in situ measurements has been a force-free83
model. Some of the earliest attempts assumed a84
cylindrically symmetric condition (Lepping et al.85
1990; Marubashi 1997) and due to their success,86
continue to be used to this day (e.g. Dasso et al.87
2005; Savani et al. 2013). They used a constant88
alpha value in the Bessel function solutions to89
∇×B = αB (Lundquist 1950). Further develop-90
ments to these models have included ad hoc expan-91
sion to the field vectors (Marubashi 1997), incor-92
porating an elliptical cross section (Hidalgo et al.93
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2002; Owens et al. 2006) and curved flux rope axis94
(Marubashi 2000; Owens et al. 2012).95
An alternative technique to the modelling has96
been developed by Hu & Sonnerup (2002). By us-97
ing magnetic field and plasma measurements and98
integrating the nonlinear, planar Grad-Shafranov99
(GS) equation, the technique is able to estimate100
some global CME properties similar to that of flux101
rope models mentioned earlier. Unlike the mod-102
els, the GS technique does not enforce any fixed103
global morphology for the 2D cross-section of the104
flux rope. This leads to estimates of magnetic flux105
and flux rope size that are not constrained to a106
predetermined model morphology. Both of these107
parameters are pertinent in this study.108
The popularity and success of the cylindrical109
flux rope has often led research to progress by110
implementing an idealised morphology as a first111
approximation, e.g. in the case of a 3D reconstruc-112
tion technique for coronagraphs (Thernisien et al.113
2009; Thernisien 2011), or for the growth rate114
of the cross-sectional width further in the helio-115
sphere (Savani et al. 2009). Extensions to these116
studies have been carried out to better under-117
stand the distortions towards a more elliptical118
shape as the CME propagates into the heliosphere119
(Nieves-Chinchilla et al. 2012; Schreiner et al.120
2012). However the variations in the ambient so-121
lar wind can further develop the morphology into122
a more complex structure (e.g. Odstrcil & Pizzo123
1999; Owens 2006; Liu et al. 2006; Savani et al.124
2010).125
CMEs are often considered to propagate radi-126
ally away from the Sun. This behaviour forces an127
expansion onto the object that is perpendicular128
to its radial propagation. This effective velocity129
would usually be different from the internal radial130
expansion which is commonly attributed to a pres-131
sure force. A kinematic study by Riley & Crooker132
(2004) inferred that a CME would drastically de-133
viate away from the force-free cylindrical config-134
uration and labelled the expansion as ‘pancak-135
ing’. However a more detailed investigation into136
the aspect ratio of the CME cross section by137
Savani et al. (2011a) revealed that the global mor-138
phology of an initially circular structure would ap-139
proach a steady state. If the radial expansion is140
considered to equal a fixed fraction of the bulk141
flow then the aspect ratio would tend towards a142
constant value of ∼ 5, depending on the original143
size of the CME.144
However, the success of the circular FR fits may145
be due to the CME structure being much more cir-146
cular on a local scale. This suggests that at certain147
locations, the magnetic tension or external forces148
due to structured solar wind conditions could re-149
store the magnetic vectors towards the minimum150
energy configuration of the Bessel functions (Suess151
1988). A study by Savani et al. (2011b) supports152
this scenario as the authors investigated the shock153
stand-off distance of CMEs to infer the aspect ra-154
tio. The results from 45 CMEs gave an average as-155
pect ratio of 2.8± 0.5. Also, a visual inspection of156
the several studies with reconstructed CME mor-157
phology using the GS technique have shown ratios158
consistently < 4 (e.g. Liu et al. 2008; Mo¨stl et al.159
2009; Wood et al. 2012).160
Estimates of the total flux content within CMEs161
have important consequences for estimating the162
long term trends of the total open solar flux163
(Lockwood et al. 2004; Owens & Crooker 2006).164
The study by Owens & Crooker (2006) assumed165
the heliosphere contained a constant background166
of open flux with a time-varying component due to167
interplanetary CMEs. The contribution of CME168
flux was estimated from 132 magnetic clouds with169
the analysis assuming a constant-α force free FR170
with a circular cross-section (Lynch et al. 2005).171
This paper tests the validity of assuming a circu-172
lar cross-section for estimating the flux content as173
it is often the assumption used (e.g. Blanco et al.174
2013).175
2. MHD simulations176
We have implemented an axisymmetric MHD177
simulation of a flux rope CME propagating out to178
300 Solar radii (Rs). The ambient solar wind is ini-179
tialised with an inner boundary at 4Rs and prop-180
agated at a uniform supersonic speed of 300km/s.181
The magnetic flux rope is super-imposed at 10 Rs182
as a semi-analytically calculated toriodal solution183
to the azimuthally symmetric Grad-Shafranov184
equation (where φ is defined as the toroidal di-185
rection and parallel to the FR axis). Initially the186
FR is given a radial width of 8Rs with a speed of187
700 km/s. In Figure 1, we summarize the evolu-188
tion of the flux rope at three intervals. The green189
line indicates the boundary of the FR and the190
black contours display magnetic field lines which191
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follow the flux function, Ψ, defined by192
B⊥ = ∇×
(
Ψ
r sin θ
φˆ
)
, (1)
where B⊥ is the in-the-plane magnetic field.193
Detailed mathematical formulation of the simu-194
lation is presented elsewhere (Shiota et al. 2008;195
Savani et al. 2012) and we restrict our discussion196
to a brief description of the initial conditions and197
the evolution of the FR.198
The simulated FR is placed into the helio-199
spheric region with an instantaneous velocity200
equal to 700 km/s. While this does not capture201
the initiation and low coronal phases of the CME202
evolution, it is a reasonable approximation for fast203
CMEs that often originate in active regions. The204
flux rope was initiated with a toroidal (axial, or205
out-of-the-plane) flux of 3 × 1021Mx which is of206
a typical order of magnitude observed. Figure207
1 displays the plasma β on the colour scale to208
highlight the regions that are more magnetically209
dominated than others. The plasma β is defined210
as the ratio of the plasma pressure (P = nkBT )211
to the magnetic pressure (Pmag = B
2/2µ0). The212
temperature and density of the background so-213
lar wind are not replicated accurately relative to214
observations, as such, the quantitative values in215
the plasma β is therefore not realistic (i.e. at 1216
AU the simulation density and temperature are217
larger than observed). However, the focus of this218
investigation is the relative changes in the plasma219
β from one region to the next, which is expected220
to be well reproduced by the simulation.221
3. Results222
3.1. Plasma β Transition223
The entire FR begins with low plasma β and its224
fast release quickly produces a leading shock front225
ahead. Figure 1 shows that within the sheath re-226
gion ahead of the FR leading edge, the plasma β227
increases significantly above both the ambient so-228
lar wind and FR values. From the beginning of the229
FR propagation, the plasma dominated sheath re-230
gion can be seen to drag the open field lines locally231
around FR. After some time, these regions also in-232
teract with the outer edges of the FR such that the233
plasma β in these areas also increases. These outer234
‘layers’ of the FR are then also dragged away from235
the ecliptic plane with the ambient solar wind (see236
also Figure 3 in Savani et al. (2012)).237
By the time the FR approaches 215Rs (∼238
1AU), the outer boundary of the flux rope (Figure239
1, green curve) more closely resembles an evenly240
pancaked structure (as shown by Riley & Crooker241
(2004)) than earlier (∼ 80Rs) in its propagation.242
The FR edge is defined by a boundary between243
closed and open field lines. Upstream of the FR244
is a sheath region containing ‘shocked’ solar wind245
material which is downstream of the shock wave.246
In the early evolution of the flux rope, the outer247
boundary appears closer to a circular substructure248
with extended ‘wing’ segments. The formation of249
a wake is quickly established downstream of the250
‘wings’. In our case, similar to the case shown251
by Emonet & Moreno-Insertis (1998, hereinafter252
referred to as “EM98”), the outer layers of the253
flux rope with weaker magnetic field are “unable254
to resist the incipient external flow, so that they255
are bodily convected to the rear”.256
The plasma β within the outer boundary is pre-257
dominately below ten in the initial conditions as258
well as in the early evolution, whereas the sheath259
region is significantly higher. However, as the flux260
rope propagates the higher plasma β of the sheath261
region smoothly changes to a lower value in the262
CME core.263
3.2. Estimating the Position of the Sub-264
structure265
We see that the concentrated magnetic flux seen266
in the earlier evolution of the FR still persists out267
to 1 AU. In order to investigate the distribution268
of flux, we manually selected an arc between the269
outer most edge of the FR (green curve) to the270
center as defined by the maximum flux function271
(green cross). We choose to define the points to272
approximately occur at the positions where the273
magnetic field line is a maximum distance away274
from the center. A circular arc was then created275
to best fit the selected data points (black dashed276
line in Figure 1 and 2). As this paper is inter-277
ested in understanding how the flux is ‘stretched’278
in the out-of-ecliptic plane (Z direction), eleven279
positions along the arc were chosen to be uni-280
formly distributed along the Z direction (Figure 2,281
red squares). The toroidal flux contained within282
the contours of these constant flux function values283
were then calculated (curves in Figure 2). The dis-284
tance was then calculated as the position on the285
contour furthest away from the FR center. This286
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method enables the flux content to be sampled287
at an approximately uniform rate with regards to288
the distance away from flux rope center. Other289
methods were investigated, but they often con-290
centrated the points within the inner core of the291
flux rope with the outer edge of the flux rope be-292
ing under-sampled. Also, this procedure meant293
that the exact positions from the initial manual294
selections does not matter as the maximum dis-295
tance of the field line and the out-of-plane flux296
contained within the closed loop are estimated in-297
dependently.298
Figure 3 displays the distribution of toroidal299
flux as a function of the distance to the FR cen-300
ter. In order to better compare the results from301
different time frames, the toroidal flux values have302
been normalised by the maximum value at the303
outer edge (Φ(r)/Φ0); and the distance away from304
the FR center was normalised by the maximum305
diameter of the FR (r/R0). The top panel of Fig-306
ure 3 shows the initial distribution (t=0 hours)307
of the FR which is a solution of toriodal Grad-308
Shafranov equation. For comparison, the flux dis-309
tribution from the cylindrical Bessel function is310
also displayed as a thick green curve. The flux dis-311
tribution is clearly not uniform at ∼ 100 Rs, but312
interestingly the distribution remains non-uniform313
even when the morphology may appear otherwise.314
The results show that beyond 100Rs the major-315
ity of the flux (80%) remains within an inner core316
that is about 40% of the overall size.317
Figure 4 displays the plasma β values for the318
eleven positions within each of the frames shown319
in figure 1. A transition region between the more320
magnetically and plasma dominated regimes (low321
to high plasma β) is found at ∼ 80% of the total322
toroidal flux content. This boundary is shown as323
dashed blue lines in figure 3 and 4. The forma-324
tion of these stretched high β regions leads to a325
morphology of ‘wings’ and the disconnected wake326
(vortical eddy’s)to the rear.327
3.3. Magnetic Weber Number328
To understand the causality of the quasi-329
cylindrical magnetic core we investigate the source330
of the resistance to deformation which leads to the331
observed transition from low to high plasma β.332
The two competing forces acting on the periphery333
of the flux rope are: 1. the act of deformation334
which can be considered as the kinetic energy335
density of the relative flow onto the flux rope; 2.336
the act of restoration which is represented by the337
energy density of the poloidal magnetic field (i.e.338
the tension force of a twisted field).339
The kinetic energy density is defined by, ekin ≡340
ρv2rel/2. Where vrel is the relative velocity of341
the solar wind onto the flux rope. The poloidal-342
field energy density is defined by emag ≡ B
2
pol/8pi.343
Where Bpol is the (in-the-plane) poloidal compo-344
nent of the magnetic field. Figure 5a displays a cir-345
cular ring of high intensity Bpol that is part of the346
core FR region. From the ring to the center of the347
FR, the Bpol field strength decreases rapidly as the348
central region of the FR becomes more dominated349
by an axial field direction (toroidal direction). The350
contours of the flux function are displayed as white351
curves on Figure 5a, with a thicker curve marking352
the outer boundary of the FR as determined by a353
outermost closed field line. Other regions (out of354
the equatorial plane and to the rear of the FR) also355
have a high Bpol field strength. These regions sur-356
round the wake that forms behind the FR ‘wings’.357
We define the equipartition line by the same358
method as EM98; i.e. when the two energy densi-359
ties are equal. This definition is also equivalent to360
identifying the locus of all points where the mag-361
netic Weber number equals one. The magnetic362
Weber number is defined as:363
We ≡
v2relρ
B2pol/ (4pi)
, (2)
The Weber number can therefore also be ex-364
pressed in relation to the poloidal component of365
the Alfve´n velocity, (vApol):366
We =
v2rel
v2Apol
. (3)
In the hydrodynamical literature, the Weber367
number is a dimensionless unit that measures the368
relative importance of a fluid’s inertia compared to369
its surface tension. In our magnetohydrodynamic370
case, the role of the surface tension is replaced by371
the magnetic tension of the poloidal field compo-372
nent.373
EM98 studied the physics of a rising twisted374
magnetic flux tube in two dimensions, under con-375
ditions akin to the solar convection zone. In this376
situation, the flux tube rose slowly without the377
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formation of a shock front and through a non-378
magnetic background medium. Under this sce-379
nario, it was appropriate to define the relative ve-380
locity as vrel ≡ v − vapex. Where vapex is the381
velocity at a single location - the apex of the flux382
tube. By choosing the relative velocity with re-383
spect to the location of the flux rope center we384
display the Weber equipartition line (white curve)385
in figure 5b. The colour scale displayed in Fig-386
ure 5b is the magnitude of the relative velocity.387
For the front and rear boundary of the flux rope,388
near to the equatorial plane, the Weber bound-389
ary accurately follows the drastic change in the390
plasma β. The Weber boundary reflects a quasi-391
circular morphology surrounding the core region392
of the FR. However, at the rear of the FR the393
Weber boundary bridges to a another region out394
of the equatorial plane. For regions significantly395
outside the equatorial plane, the Weber boundary396
as defined by EM98, inappropriately extends fur-397
ther into the ‘wing’ regions of the flux rope. This398
region also extends significantly into the magnet-399
ically disconnected wake.400
To better understand the complex nature of401
the Weber line, the contour of We=1 is over-402
plotted onto an intensity map of the |vApol | (see403
figure 5c). Figure 5c displays the Weber contour404
(grey curve) with an arbitrarily chosen contour of405
|vApol | = 20km/s (white curve). With regards406
to the core of the FR, both boundaries display407
very similar quasi-circular morphology that re-408
main within the closed magnetic field lines of the409
FR. The extended regions of the Weber line that410
stretch into the wake also occurs for the |vApol |411
line. The bridge that connects to the extended412
regions out of the equatorial plane appears to be413
caused by a high poloidal magnetic field strength.414
Whereas, the extended regions themselves seem to415
be caused by a reduction in the relative flow ve-416
locity (vrel).417
A significant difference between the study per-418
formed by EM98 and the one presented here is419
the direction of the solar wind flow falling onto420
the leading edge of the flux rope. The presence of421
a leading shock front deflects the solar wind within422
the sheath region prior to arriving at the flux rope423
leading edge. The presence of a shock front clearly424
adds further complication to our scenario. There-425
fore to correct for the Weber equipartition line, we426
re-define the relative velocity to equal the compo-427
nent parallel to the in-plane magnetic field and428
relative to flux rope center. i.e we define it as429
vrel‖ =
Bpol · (v − vcenter)
|Bpol|2
·Bpol (4)
This method now correctly expresses the rela-430
tive shear velocity of the background solar wind431
flowing tangentially to the flux rope magnetic432
field. The velocity vectors of this newly-defined433
tangential flow is displayed in figure 5a. The in-434
tensity of the |vrel‖ | is displayed in figure 5d along435
with 2 contour lines: |vApol | = 20km/s (white436
curve as shown in figure 5c), and We‖ = 1 - i.e.437
using the velocity from equation 4 (grey curve).438
The newer Weber equipartition line (We‖) sur-439
rounds a larger part of the FR than the original440
Weber line. We‖ line displays an extremely ex-441
tended region outside, but connected to, the FR442
leading edge and is out of the equatorial plane.443
This thin region is within the sheath region and444
approximately follows the curvature of the shock445
front. The reason this region is included within446
the equipartition line is similar to that of the ex-447
tended regions of the We=1 boundary - namely448
the |vrel‖ | is smaller than its surroundings.449
To understand how the sharp transition in450
plasma β is related to the different equipartition451
lines we display the intensity of the plasma β in452
figure 6 using the same time frame as figure 5.453
The morphology of FR core in the figure, with a454
low plasma β, can be seen to be quasi-circular.455
Figure 6b displays the same plasma β intensity,456
but with 2 layers of semi-transparent grey shaded457
regions over-plotted. The boundary demarcating458
the light and dark shading of each layer are the459
same as those displayed in figure 5d. One of the460
semi-transparent layers displays a white region461
for We‖ ≤ 1 and black otherwise. The other layer462
shows a white region for |vApol | ≥ 20km/s. There-463
fore figure 6b highlights the regions defined by the464
mathematical equipartition lines and darkens the465
surroundings. We see that the |vApol | = 20km/s466
equipartition line, for the most part, tightly sur-467
rounds the low plasma β core. The only exception468
is that of the thin extending section outside and469
to the rear of the FR. This region is the lightest470
region in the figure as it is also within the bound-471
ary of the second transparent layer. The region472
defined as We‖ ≤ 1 but with |vApol | ≥ 20km/s473
is the light grey region. Concentrating on this474
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light grey region that remains within the mag-475
netic flux rope, we notice that the area extends476
a little further in the ‘wing’ sections of the FR.477
The boundary of the We‖ = 1 demarcates the478
region where the plasma β has just transitioned479
into the higher values. Therefore the region inside480
the FR and between the two equipartition lines481
(light grey region) identifies the section where the482
sharp plasma beta transition occurs. Inside the483
transition region (i.e. closer to the FR center) the484
topology of the FR displays a quasi-cylindrical485
structure.486
4. Summary and Discussion487
Recent developments in heliospheric imagery488
from the STEREO mission have often shown that489
CMEs continue to propagate radially away from490
the Sun and deform into oblate shapes. This is491
further supported by heliospheric simulations such492
as the one often used in space weather forecast-493
ing, Enlil. However strong conflicting evidence494
from in situ data along one dimension inside CMEs495
suggest that they often have a magnetically cir-496
cular cross-section. In this paper we hypothesise497
that a FR may form a magnetic substructure core498
as an explanation as to why remote observations499
sometimes may appear to contradict the topology500
suggested by in situ data. The Weber equiparti-501
tion line defines the portion of the obstacle that502
will stay together. But there is a boundary layer503
surrounding the line where the plasma properties504
between the two regions smoothly but drastically505
change. This boundary layer is where the SW is506
able to drag the outer flux rope field lines away.507
Therefore the drastic plasma β change is a con-508
sequence of the tension force not restraining the509
field at the outer edges.510
4.1. Interpretations for remote sensing511
Although our simulation would benefit from512
more advanced and realistic background solar513
wind conditions, we investigate the plasma β514
within the CME and how this affects the distribu-515
tion of flux. As the CME propagates the plasma516
β transitions between low to high, which at first517
starts as a sharp boundary at the front edge of the518
FR structure (i.e. inner boundary of the sheath).519
This boundary then diffuses into a layer that sur-520
rounds the Weber equipartition line and moves521
within the FR field itself. This leads to a single522
CME behaving with two different properties: an523
inner core that is dominated by a stronger twist524
magnetic field which will favour a circular shape525
due to magnetic tension and the peripheral edge526
which has a stronger interaction with the ambient527
solar wind and is therefore prone to deformation.528
In a sense, the Weber equipartition line acts as529
a belt or ‘rubber band’ around the core region,530
restraining flux from stretching out. But with531
the presence of a boundary layer surrounding the532
equipartition line, magnetic flux (field lines) are533
able to slowly leak through the Weber line to form534
part of the extend wings and then eventually dis-535
connect from the flux rope all together. In our536
simulation we show that the flux rope core con-537
tains approximately 80% of the original toroidal538
flux while remaining about 40% of the overall size.539
EM98 performed a similar simulation of a540
twisted flux tube within a high-plasma β regime,541
akin to a tube rising in the solar convection zone,542
to show that the conversion of the tube into two543
vortex rolls can be suppressed by increasing the544
magnetic field twist. This work showed that the545
FR maintained its structure when conditions re-546
garding the inflow velocity and poloidal Alfve´n547
velocity were met. EM98 performed a paramet-548
ric study by varying the amount of magnetic field549
twist within the flux rope. Such a parametric550
study would be a natural extension to the work551
presented here. Therefore further detailed studies552
which involve varying the tension force or chang-553
ing the plasma interaction (by changing the back-554
ground plasma density or plasma β) should be per-555
formed to better understand the extent to which556
the substructure occurs. A useful focus would be557
to understand whether this plasma β transition558
scenario is a common occurrence or if it exists for559
only extreme (geoeffective) events. Another use-560
ful extension would be to perform a parametric561
study of CME speeds to better understand the562
cause of the complexity in the Weber Boundary563
for conditions with/without a propagating shock564
front. Understanding these thresholds may also565
provide clues into the requirements and limita-566
tions of magnetic field twist during the initial567
configuration above the solar surface. Develop-568
ing more advanced simulations that realistically569
replicate the background solar wind in three di-570
mensions would aid further understanding of this571
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phenomena.572
By injecting a CME instantaneously with a573
large magnetic flux, we emulate an extreme ac-574
celeration profile for a fast CME entering the in-575
ner heliosphere which is akin to that expected576
for a Carrington event or other extreme cases.577
In this simulation, the propagation speed of the578
flux rope through the heliosphere is more compa-579
rable to a typical fast CME. Under these condi-580
tions it is clear that a head-on impact onto the581
Earth will have a drastically different effect to582
one that, at first sight, would appear to be only583
moderately away from the Sun-Earth line. How-584
ever further work could benefit from investigat-585
ing a more physical acceleration process similar586
to Shiota et al. (2005). The initiation process of587
launching a FR by Shiota et al. (2005) shows that588
a propagating CME might display the character-589
istic of two regimes separated by surface of β = 1590
(see Figure 13 within the authors work).591
The Enlil model is often used for space weather592
forecasting. However this model is usually im-593
plemented by assuming the CME can be initially594
modelled as a high density blob with no internal595
magnetic field. The work in this paper suggests596
that without a restraining force from a twisted597
field the CME would indeed deform and spread598
out into a pancake structure. But interestingly,599
the magnetic field from the background solar wind600
often drapes around the CME during its propaga-601
tion. This sheath region field could potentially602
serve as a restorative force preventing the CME603
from largely disintegrating by the time it arrives604
at Earth. Further work into understanding the ex-605
tent to which draping field ahead of a CME can606
act as a restraining force should also be pursued.607
At terrestrial distances, remote observations608
of CMEs using the HI-2 camera on board the609
STEREO mission have often identified flattened610
‘pancaked’ structures. However, this is com-611
monly performed by locating a dark cavity or a612
bright ‘sheath’ region that surrounds the prob-613
able flux rope (e.g. Howard & DeForest 2012;614
DeForest et al. 2013). While the sheath region615
has an elongated structure due to the overall mor-616
phology of a magnetic flux rope, the imagery does617
not express the topological distribution of flux618
within the observed cavity.619
4.2. Interpretations for in situ data620
Recent articles from in situ analysis have al-621
luded to the possibility that different parts of622
a single CME may have differing in situ prop-623
erties. By using in situ data and a cylindrical624
model, Dasso et al. (2005) investigated the flux625
content of 20 CMEs and showed the inner core626
(∼ 30% of its total size) remained more symmet-627
ric. Later De´moulin & Dasso (2009) created a flux628
rope model that relaxed the cylindrical symme-629
try explicitly to better estimate the cross sectional630
shape from in situ data. De´moulin et al. investi-631
gated elliptical shapes with a variety of eccentrici-632
ties. The authors observed that the sharper (more633
deformed) parts of the boundary impose a stronger634
curvature, therefore the stronger magnetic tension635
reduces the field line bending inside the flux rope.636
For larger bending of the outer boundary, the mag-637
netic tension increases such that the core field lines638
slightly shrink towards the center, forming a more639
circular shape.640
In addition, for elliptically shaped flux ropes641
with significant deformations, the authors showed642
that the magnetic pressure is lower at the flux rope643
sides than the center. Assuming the plasma pres-644
sure remains uniform, they argue that even for645
very low plasma β, the force-free approximation646
is no longer valid. They therefore expect these647
limb (‘wing’) regions to be swept away by the solar648
wind. They further hypothesis that reconnection649
with the solar wind magnetic field will contribute650
to removing these parts, while the core field main-651
tains its identity.652
Dasso et al. (2012) also highlighted this conflict653
by hypothesising the magnetic tension may favour654
a circular shape and interpreting the external part655
as an interaction with the ambient solar wind. Our656
simulation support such a scenario of a core flux657
rope CME which is significantly smaller than the658
full extent of the original flux rope. Therefore if a659
spacecraft were to travel through the center of a660
flux rope, the in situ magnetic field measurements661
made would suggest a quasi-cylindrical obstacle662
similar to the core substructure shown in our sim-663
ulations.664
Several authors have previously shown schemat-665
ics suggesting that a quasi-cylindrical FR may be666
part of a larger magnetic obstacle (e.g. Jian et al.667
2006; Riley & Richardson 2013). Thus the tra-668
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jectory of a spacecraft will dictate whether a669
cylindrical FR topology is measured or not. This670
then brings into question whether all CMEs are671
in fact FRs or not (Vourlidas et al. 2012) - or672
more accurately speaking, if a FR topology al-673
ways exists somewhere within the entire CME674
structure. Riley & Richardson (2013) investi-675
gated the plasma β properties of 181 CMEs us-676
ing a list of events provided by Du et al. (2010).677
Riley & Richardson (2013) showed that the coher-678
ent structure of in situ measured FRs often have679
a significantly lower plasma β value than events680
without a FR topology (see Figure 3 of their pa-681
per). These authors also find that the plasma β682
is one of the most significant predictor variables683
for the presence of a FR topology. The Weber684
equipartition analysis in this paper provides a sci-685
entific explanation to their result.686
Several other interpretations for creating sub-687
structures within a CME which ultimately leads to688
a quasi-cylindrical flux rope at terrestrial distances689
have been proposed. For example, Owens (2009)690
proposed large current sheets can lead to magnetic691
reconnection which, in an extreme case, could lead692
towards forming multiple small flux ropes from a693
single larger one. A review of other potential sce-694
narios for creating substructures can be found in695
Steed et al. (2011).696
If a CME contains a magnetic substructure697
which is significantly more cylindrical than the698
entire morphology, then in situ measurements699
should show CME-like properties outside the mag-700
netic flux rope as indicated by a multi-spacecraft701
analysis by Reinard et al. (2012). A study by702
Richardson & Cane (2010) investigated CMEs703
over solar cycle 23 and defined boundaries by the704
ionisation charge states of certain heavy ions. Fig-705
ure 2 and 3 from their work shows that this may be706
a frequent occurrence. However the charge states707
do not always overlap with the magnetic signa-708
tures (e.g. Rakowski et al. 2011; Lepri et al. 2012)709
and so can not be used as a definitive explanation.710
Therefore it is important for future work to inves-711
tigate simulated time-series at different locations712
within the CME (similar to Riley et al. 2004).713
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Fig. 1.— The plasma β (colour scale) and mag-
netic flux function(black contours) are displayed
for three times during an MHD calculation. The
edge of the closed field lines for the magnetic flux
rope are displayed as a thick line(green). The
black crosses denote manually selected positions
through the flux rope, and the dashed line is an
arc of a circle that is optimally chosen from the
crosses. The middle panel identifies the uniformly
distributed positions along the arc that is later
used in our analysis (red squares). The figure
shows that as the flux rope propagates the outer
layers increase in plasma β.
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Fig. 2.— Contours of constant magnetic flux func-
tion are drawn for the 11 equidistant positions
(red squares) along the optimally chosen arc (black
dashed line, see Figure 1) from within the flux
rope.
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Fig. 3.— The distribution of toroidal magnetic
flux against the distance away from the center of
the flux rope. Both the magnetic flux and size of
the flux rope are normalised to the values of the
outer edge. Top panel shows the distribution in
the initial condition as well as the idealised cylin-
drical Lundquist solution (thick green curve). The
red crosses are the magnetic flux values from po-
sitions chosen in Figure 2. This figure shows that
the majority of the toroidal magnetic flux is con-
centrated in the inner core of the whole flux rope.
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Fig. 4.— The distribution of plasma β against the
distance away from the center of the flux rope.
The flux rope is normalised to the values of the
outer edge. The three panels represent the same
time intervals displayed in Figure 1. The black
crosses are the β values for the same positions
shown in Figure 2 and 3.This figure shows that
the flux rope has a sharp transition in plasma β
which coincides with approximately 80 % of the
toroidal magnetic flux.
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Fig. 5.— Various properties of the FR is dis-
played at a heliocentric distance of ∼ 145 solar
radii. (a) Displays the poloidal component of the
magnetic field |Bpol| (colour scale) and magnetic
flux function (white contours) with the velocity
vectors of the solar wind (vrel‖). The |vrel‖ | is
the parallel component to the magnetic field and
measured relative to the FR center. (b) Displays
the magnitude of the velocity relative to the FR
center (colour scale) with the Weber equipartition
line, We, which was determined using vrel sim-
ilar to Emonet & Moreno-Insertis (1998) (white
curve) (c) Displays the poloidal component of the
Alfve´n speed (colour scale) with the We line (grey
curve) and the contour of vApol = 20km/s (white
curve). (d) Displays the |vrel‖ | (colour scale)
with the We‖ equipartition line which was deter-
mined using |vrel‖ | (grey curve) and the contour
of vApol = 20km/s (white curve).
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Fig. 6.— (Left) Displays the plasma β (colour
scale) with position of the shock front for the same
heliocentric distance as shown in figure 5. The
magnetic flux function are shown as black contours
with the thicker black line demarcating the outer
boundary of the FR. (Right) The same as the left
figure but with two additional semi-transparent
layers overplotted. One of the semi-transparent
layers displays a white region for We‖ ≤ 1 and
black otherwise. The other layer shows a white
region for |vApol | ≥ 20km/s. Therefore the figure
highlights the regions defined by the mathematical
equipartition lines and darkens the surroundings.
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